Introduction
Adenovirus serotype 5 (Ad5) enter cells by receptormediated endocytosis after binding its fiber knob domain to the coxsackie-and adenovirus receptor (CAR) 1,2 and a subsequent interaction of its penton base with cellular a vintegrins. [3] [4] [5] A deficiency in either of the viral receptors implies a potential loss of transduction efficiency. For instance, adenoviral gene delivery is unfavorable in important targets for gene therapy as ciliated airway epithelium, smooth muscle cells and most cancer cells because of low CAR-expression, despite the presence of a v -integrins. [6] [7] [8] One strategy for obtaining CAR-independent entry in Ad5-resistant cells is to make noncovalent complexes of adenovirus (Ad) with cationic agents. [9] [10] [11] [12] [13] [14] [15] [16] The cationic components can associate with the Ad particles due to the net negative viral surface charge, and hence, the attachment to the negatively charged cell membrane is facilitated. This method enables potent gene delivery via CAR-independent cell infection, demonstrating that the interaction with the primary receptor is not crucial for cellular entry. 9, 12 Increased viral uptake and transgene expression due to the use of cationic polymers has been reported in airway epithelia in vitro 9 and in vivo, 11 as well as in cultured smooth muscle cells 12 and in tumor cells. 13 As the fiber-CAR interaction largely determines cell tropism for native Ad5, fiberless particles have been constructed to abrogate all interaction with the primary receptor. 17, 18 The penton base of such particles is competent to interact with cellular integrins, and the particles are capable of infecting cells trough a CARindependent pathway although with a severely reduced infectivity. Gene delivery by fiberless virus can be enhanced by retargeting the vector, 19 showing that particles lacking the fiber at least to some extent are able to accomplish steps subsequent to uptake.
Recently, we documented a pronounced enhancement of adenoviral gene delivery using a novel treatment named photochemical internalization (PCI). 20 PCI is based on disruption of the endocytic compartments in cells by light specific activation of photosensitizing compounds such as sulfonated aluminium phthalocyanines or sulfonated tetraphenyl phorphines that localize in the endocytic vesicles. 21 The mechanism and benefit of the technology has earlier been documented for nonviral vectors. [22] [23] [24] [25] In this work, the effect of photoactivation of the photosensitizer TPPS 2a (meso-tetraphenylporphine with two sulfonate groups on adjacent phenyl rings) on adenoviral transduction in the presence of the polycationic agents poly-L-lysine (PLL) and SuperFectt is investigated. Our results show that the combined use of polycations and photochemical treatment greatly enhance transduction, especially in cells expressing moderate to low levels of CAR. In addition, by using a fiber-deleted vector we demonstrate that the transduction efficiency of fiber-independent Ad5 increases substantially by photochemical treatment.
Results

Photochemical effect depend on multiplicity of infection
As a starting point, the effect of photochemical treatment of WiDr adenocarcinoma cells transduced with Ad at different multiplicities of infection (MOIs) was evaluated. This cell line has been found to express moderate levels of CAR and high levels of a v -integrins (Engesaeter et al, submitted for publication). Cells were incubated with TPPS 2a , infected with increasing amounts of adenovirus serotype 5 vector encoding the Escherichia coli lacZ gene controlled by the human cytomegalovirus promotor (CMV) (Ad5CMV-lacZ), and subjected to a light dose of 0.8 J/cm 2 inducing about 50% cytotoxicity. The b-galactosidase expression in viable cells was scored by flow cytometry as described in Materials and Methods. Figure 1 demonstrates that the light activation of the photosensitizer substantially increased the percentage of transduced cells and the mean fluorescence intensities (MFIs) of the light-exposed samples compared to the samples not subjected to light (Po0.001; three-way analysis of variance (ANOVA)). The effect of the photochemical treatment, measured in fold increase of light-exposed cells compared to unexposed cells, was especially pronounced at low virus doses, inducing nearly a 20 times higher fraction of b-galactosidase positive cells at MOI 5, whereas the increase was threefold at MOI 100. Nevertheless, at the highest viral dose nearly the total irradiated cell population was transduced (9672%), whereas only 3173% of the cells expressed the transgene after Ad infection in the absence of light. The corresponding MFI in cells infected with Ad at MOI 5 was enhanced 65-fold by photochemical treatment. The drop in fold increase with increasing viral concentrations was statistically significant (Pp0.003; two-way ANOVA) for both the percentage positive cells and the MFI. Thus, the photochemical effect on transgene expression depends on the viral dose.
Linear regressions were performed on results shown in Figure 1 with regard to logarithmic values of viral dose and of level of transduction, assuming that the values for percentage positive cells or MFIs tend to zero for very small MOI and that the fold increase function tends to zero for large MOIs. We found that the slopes for the light-exposed samples increased approximately three-fold more slowly with viral dose than the slopes for unexposed samples (correlation coefficients RX0.9), implying that the effect of the photochemical treatment on percent positive cells and MFI decreases with about the same rate for the amounts of virus presented in this study. In addition, if the regression model for the MFI could be extrapolated (the MFIs of the light-exposed samples in plot 1b were not saturated at higher viral doses in contrast to the percentage reporter gene positive cells in plot 1a), the photochemical treatment would not give any significant increase in b-galactosidase activity at viral doses above approximately MOI 700.
Photochemical effect on gene delivery by Ad complexed with different polycationic agents
To study the ability of the photochemical treatment to improve gene delivery mediated by Ad noncovalently complexed with polycations, TPPS 2a -treated WiDr cells were infected with the Ad5CMV-lacZ vector premixed with PLL or SuperFectt and subjected to light. The amount of virus in all ratios of polycation to virion was kept constant at MOI 5. For both complexing agents, bgalactosidase expression was substantially enhanced in illuminated cells compared to unilluminated cells (Figure 2 ; Po0.001; three-way ANOVA), demonstrating that the photochemical treatment increases transduction by polycation-complexed Ad. The increase in reporter gene expression varied significantly with the ratio of polycationic agent to virion in both light-exposed and unexposed cells (Pp0.001 and p0.05, respectively; twoway ANOVA). Regarding transduction with mixtures of Ad/PLL, the fraction of b-galactosidase positive cells increased with increasing amounts of PLL, up to ratios of about 500 molecules PLL per Ad particle when cells were subjected to photochemical treatment. At this ratio, 7674% of the light-exposed cell population was reporter gene positive, corresponding to a 38-fold enhancement of the percentage transduced cells in unilluminated cells Beyond the optimal PLL/Ad ratio, there was a marked decrease in transduction. Furthermore, the effect of SuperFectt on transduction followed the same pattern as described for Ad/PLL mixtures. Optimal transduction of photochemically treated cells was obtained using around 1000 molecules SuperFectt per Ad. At this ratio, the fraction of b-galactosidase positive cells was enhanced approximately 25-fold in cells exposed to light, compared to unexposed cells infected in the absence of SuperFectt. Above the optimal ratio, reporter gene expression decreased notably. Taken together, these results demonstrate the importance of finding the optimal ratio of polycation to adenoviral vector for transduction of cells subjected to photochemical treatment.
Interestingly, when studying the effect of the photochemical treatment on samples transduced with identical Ad/polycation mixtures, the light-induced fold increase was best for uncomplexed Ad and decreased with the amount of polycation added. The drop in fold increase was statistically significant (Pp0.04; two-way ANOVA) for SuperFectt, and close to the P¼0.05 significance level for PLL. Further, a regression fit showed a significant decrease (Po0.01, correlation coefficient R¼0.94) of the decrease in photochemical effect with the amount of PLL. In order to compare the decrease in efficiency of the photochemical treatment with regard to the two polycations tested, regression of the fold increase functions for both PLL and SuperFectt was performed with regard to logarithmic values of the photochemical effect and of the amount of polycations. The light-induced fold increase was reduced to a third (ie 50% in a logarithmic plot) at around 10 4 molecules PLL/Ad and 10 5 molecules SuperFectt/Ad (correlation coefficients RX0.94), and the width of the drop was only in the order of one decade, indicating that the decrease of the effect of the photochemical treatment was rapid for both polycations. Among the unilluminated HeLa cells, no significant variation with PLL was found; however, a systematic but moderate variation with the amount of PLL could not be excluded. The increase in transduction of PCI-treated 
Photochemical enhancement of transduction with polylysine-complexed fiberless Ad
Fiberless Ad lack the ability to bind to CAR, but are able to enter cells through a CAR-independent pathway. 17, 18 To study if the photochemical treatment was able to increase the efficiency of CAR-independent Ad5 transduction, TPPS 2a -treated WiDr cells were incubated with the fiber-deleted Ad5 vector encoding EGFP reporter gene controlled by the human CMV promoter (Ad5CMV-gfp-Df) mixed with increasing amounts of PLL and exposed to light. Figure 5 shows flow cytometry plots from a representative assay, scoring EGFP-positive cells on the right side of the gate. Only a few (o 0.1%) transduced cells were detected in samples not subjected to light regardless of the ratio of PLL to Ad particles, whereas in the illuminated samples a substantial amount of cells were positive for EGFP expression after infection. The number of reporter gene expressing cells in lightexposed samples was highly dependent on the amount of complexing agent (Po0.001; two-way ANOVA; Figure  6 ). Optimum transduction was found at 50 molecules PLL/virion where 1771% of the viable cell population was reporter-gene positive. At higher doses of PLL/virion, transgene expression in light-exposed cells diminished, as previously described for transduction of the same cell line by the fiber-expressing Ad vector at high amounts of polycations. Thus, the decrease in transduction above optimal ratios of PLL to Ad was not dependent on the presence of the adenoviral fiber. The results from unilluminated samples transduced with the PLL-complexed fiberless vector were too scattered to reveal any clear dependence on the amount of complexing agent.
Photochemical treatment of cells prior to infection with Ad/PLL complexes also increases transgene expression.
It has recently been shown that the efficiency of protein delivery, nonviral gene delivery, and Ad-mediated gene transfer can be increased by performing the photochemical treatment prior to the delivery of the macromolecule or gene. 26 Therefore, we evaluated the effect of exposing TPPS 2a -treated HeLa cells to light before infection with Ad5CMV-lacZ alone or mixed with PLL at a ratio of 500 molecules PLL/virion (Figure 7) . It was found that photoactivation of cells prior to adenoviral 
Polycation-complexed adenovirus and PCI technology
A Bonsted et al infection enabled higher levels of transduction compared to photochemical treatment of cells after infection, both in the absence and presence of the complexing agent (Po0.001; SNK). In addition, for all treatment modes (ie no illumination, illumination before infection, and illumination after infection), the fraction of b-galactosidase-positive cells was slightly, but significantly, enhanced by PLL (P¼0.02; two-way ANOVA). When comparing the Ad/PLL samples to the samples infected with Ad in the absence of polycations, the light-induced fold increase in transduction was almost the same (4.5-fold increasement for light after transduction) or slightly less (6.8-fold versus 7.5-fold for light before transduction).
Discussion
In this study, the ability of a photochemical treatment to enhance transduction with Ad complexed with polycations was evaluated. It was found that the transduction levels after infection with Ad mixed with different amounts of the cationic polypeptide PLL was similar to those obtained with the spherical polyamidoamine dendrimers of SuperFectt, although the presence of PLL allowed slightly higher levels of reporter gene expression than SuperFectt. In fact, both in lightexposed and unexposed samples, transduction increased with the amount of complexing agent up to an optimal ratio of polycation to virion, and above this ratio there was a marked decrease. Thus, finding the optimal ratio of polycation to Ad is of importance also when cells are subjected to photochemical treatment. PLL-enhanced Ad transduction was further explored in cell lines differing in their susceptibility to Ad5 infection. In agreement with results previously demonstrated by other groups, 9,13 it was found that in cells not subjected to light, the PLL-mediated enhancement of reporter gene expression was best in cell lines with low to moderate levels of CAR. In fact, PLL had no significant effect on Ad transduction of HeLa cells (high level of CAR), some effect on infection of WiDr cells (moderate level of CAR), and best effect on transduction of HuFib and FmexIII cells (low levels of CAR). Interestingly, the light-induced effect on transduction of cell lines with moderate to low levels of CAR, measured as fold increase of transduction of light-exposed samples relative to unexposed samples infected with Ad premixed with identical amounts of PLL, was most pronounced for infection without polycations. The reason for this is at present unclear, but one explanation could be that some of the intracellular trafficking steps of the virus are more efficient if viral uptake is increased by polycationic agents. In addition, it was also found that the effect of the photochemical treatment on transduction of the WiDr cells in the absence of polycations declined with increasing viral doses. This phenomenon has also been observed in other cell lines (data not shown), suggesting that the photochemical effect varies with the intracellular concentration of Ad. Previous studies have reported that gene transfer by optimal PLL/Ad complexes does not depend on the fiber receptor, as transduction of these complexes is not affected by the incubation of cells with excess fiber protein prior to infection. 9, 12 It is likely that our results using the Ad5CMV-lacZ vector complexed with PLL also are based on infection via an alternative pathway, because the complexing of PLL to Ad enhanced the transduction of cells expressing low levels of CAR, while it had no significant effect on cells with a high CAR level. However, the possibility that the complexes are able to interact to some extent with its natural receptor cannot be excluded, at least not at suboptimal ratios of PLL to Ad. To circumvent this problem of interpretation, we studied gene delivery by a fiberless Ad vector that cannot bind to CAR. 17, 18 The complexing of the fiberless vector with PLL substantially increased transduction of light-exposed cells, while reporter gene expression in unexposed cells remained negligible. Compared to the vector Ad5CMV-lacZ, fewer molecules of PLL seem to be required per Ad5CMV-gfp-Df in order to obtain optimal transduction in photochemically treated cells with the fiberless particles. However, during complexation, the concentration of fiberless virus was 40 times higher than in the case of Ad5CMV-lacZ, and this might have influenced the complexation efficacy. 9 The light-induced effect on transduction by PLL-complexed fiberless Ad was more pronounced than for the fiber-expressing vector, suggesting that the fiberless virions may have a less effective endosomal release than Ad with an unmodified viral capsid. In addition, transduction of the fiberless vector was photochemically enhanced also in the absence of PLL, indicating that the photochemical treatment was more important for enhancing transduction than the use of the polycationic complexing agent. Assays demonstrating that the photochemical treatment does not increase adenoviral uptake directly across the plasma membrane have been performed (Engesaeter et al, submitted for publication). Taken together, these results demonstrate that the photochemical treatment enhances transduction of Ad in the absence of fiber-CAR interaction. Thus, the system we describe here could be adapted Figure 7 Photochemical treatment before viral infection increases Ad/PLL gene delivery. In the 'light before' strategy, HeLa cells were treated with TPPS 2a , washed and incubated in TPPS 2a -free medium for 4 h before being exposed to light (gray bars) or kept unexposed (solid bars). After infection with Ad5CMV-lacZ at MOI 0.5 or Ad5CMV-lacZ mixed with PLL for 30 min, the cells were washed. In the 'light after' strategy (open bars), TPPS 2a -treated cells were washed and incubated for 3 h in TPPS 2a -free medium. Prior to light exposure, cells were infected with Ad5CMV-lacZ at MOI 5, or Ad5CMV-lacZ mixed with PLL, for 30 min followed by 30 min chase. All samples were analyzed for b-galactosidase expression in the viable cell population 2 days after infection. Bars represent mean7s.e.m. of three to six separate experiments.
Polycation-complexed adenovirus and PCI technology A Bonsted et al to include additional functions like specific targeted ligands complexed with the adenoviral particles, enabling double specificity through both ligand/receptorand light targeting.
For both the fiber-expressing and the fiberless adenoviral vector, a decrease in transduction of the WiDr cells was detected at the highest ratios of polycation to Ad tested in this study. This phenomenon has been described earlier for fiber-expressing Ad, 9, 15 and its occurrence has been attributed to a tendency of the virus to aggregate at elevated ratios of PLL to virion. For the vector with unmodified capsid, we observed this decrease at high ratios of PLL and SuperFectt to Ad, both with and without photochemical treatment. As this decrease in transduction also was shown in lightexposed cells infected with the fiberless particle, this decline is probably not caused by inhibition of the fiber-CAR interaction at high amounts of complexing agent. Interestingly, the photochemical treatment could not counteract the decrease in transgene expression observed at high amounts of polycations. Previous studies suggest that the PCI technology only act intracellularly, 23, 24 and thus a possible attenuation of the viral uptake due to aggregate formation would not be counteracted by the photochemical treatment. Some of the decrease in transduction may, however, be attributed to cellular toxicity at high PLL concentrations. Toxicity appeared at PLL/Ad5CMV-lacZ ratios above 10 000, both in lightexposed and unexposed samples (data not shown).
In a clinical setting, it would be advantageous to avoid the time delay between the viral infection and the light treatment. Therefore, the possibility of illuminating the cells immediately before gene transfer was investigated. Subjecting HeLa cells to light prior to infection with Ad and Ad/PLL mixtures enabled transduction levels superior to those obtained in cells that were light exposed after infection. The mechanism of PCI-treating cells prior to gene transfer assays is not fully understood, but a thorough discussion on this matter can be found in Prasmickaite et al, 25 where the photochemical treatment of THX malignant melanoma cells before or after Ad infection enabled similar amounts of transgene expression. However, the fact that illuminating cells prior to infection seem to be at least as efficient as illuminating cells after infection, and that the increase in transduction was almost equal comparing Ad/PLL samples to uncomplexed samples for the two treatment modes (light before and light after infection), indicate that the photochemical treatment neither damages the CAR receptor nor attenuates the first steps of viral vector uptake (ie binding to CAR and a v -integrins followed by cell entry).
In summary, we have demonstrated that the use of the PCI technology combined with polycation-complexed Ad enables efficient gene transfer to cells. It was also shown by the use of the fiberless Ad vector complexed with PLL that the fiber-CAR interaction is not necessary for obtaining a photochemically induced transduction.
Materials and methods
Cells and cell culture
Human cervix carcinoma (HeLa) cells and human adenocarcinoma (WiDr) cells were obtained from American Type Culture Collection (Rockville, MD, USA). Normal human fibroblast cells (HuFib) were established by L Bruckner-Tudeman, University of Mü nster, Germany. The human melanoma cell line FEMXIII was established at the Norwegian Radium Hospital (Oslo, Norway). Cell lines were cultivated in RPMI 1640 medium containing 10% fetal calf serum, 100 U/ml penicillin, 100 mg/ml streptomycin and 2 mM glutamine (all from Gibco BRL, Paisley, UK) at 371C in 5% CO 2 atmosphere.
Human embryonal kidney (293) cells expressing the adenoviral E1 gene were purchased from Microbix (Toronto, Ontario, Canada) and cultured in Dulbecco's modified Eagle medium containing 10% fetal calf serum and 2 mM glutamine (Gibco BRL, Paisley, UK).
Adenovirus
The Ad5 vector Ad5CMV-lacZ encoding the E. coli lacZ gene controlled by the human CMV promoter was a kind gift from Dr Frank L Graham (McMaster University, Hamilton, ON, Canada). The fiberless Ad vector Ad5CMV-gfp-Df, carrying an EGFP reporter gene driven by the CMV promoter, was kindly provided by Dr Dan von Seggern (The Scripps Institute, La Jolla, CA, USA). Titration of plaque-forming units was performed by plaque-assay on 293 cells, and quantification of physical particles was accomplished spectrometrically using a conversion factor of 1.1 Â 10 12 viral particles per absorbance unit at 260 nm. 26 
Chemicals
The photosensitizer TPPS 2a , meso-tetraphenylporphine with two sulfonate groups on adjacent phenyl rings, was purchased from Frontier Scientific (Logan, UT, USA). PLL with an average mass of 20.7 kDa was obtained from Sigma (St Louis, MO, USA), and SuperFectt transfection reagent (35 kDa) was from Qiagen (Hilden, Germany). The SuperFectt reagent consists of activated polyamidoamine dendrimers with a spherical architecture. 27 Charged amino groups at each branches radiating from the central core can interact with negatively charged molecules.
Preparation of mixtures of Ad with polycations
Cationic components and Ad particles were prediluted in PBS (0.15 M NaCl, 0.015 M NaH 2 PO 4 , pH 7.4) containing 0.68 mM CaCl 2 and 0.5 mM MgCl 2 . Ratios of cationic molecules to Ad particles are described in the figure legends. Samples were mixed by gentle pipette tip aspiration, and allowed to incubate for 30 min in room temperature before application to cells. Total complexing volume was 200 ml. To avoid possible bias due to the use of different amounts of virus for transducing different cell lines, complexing volumes for Ad5CMV-lacZ contained constantly a viral dose of MOI 5 in a total volume of 200 ml. When cell were infected by lower doses of Ad, the mixtures of Ad and polycations were further diluted immediately prior to infection. Concerning the fiberless viral vector, 10 000 particles were mixed with different concentrations of PLL in 200 ml.
Photochemical treatment
Cells were seeded in six-well plates (Costar) at 10 5 cells per well, and incubated overnight at 371C. Medium containing TPPS 2a at 1 mg/ml was added. The cells were 
Flow cytometry analysis
For the analysis of b-galactosidase expression, cells were trypsinized, centrifuged, resuspended in 25 ml medium and incubated for 5 min at 371C. Then 25 ml of 2 mM fluorescein di-b-D-galactopyranoside (Molecular Probes, Eugene, OR, USA) was added, and the cells were incubated for 1 min at 371C before being diluted into 500 ml ice cold growth medium. Cells transduced with Ad carrying an EGFP reporter gene were trypsinized, centrifuged, and resuspended in 500 ml growth medium. All samples were maintained on ice for 30-60 min, filtered through a 50 mm mesh nylon filter and analyzed in a FACS-Calibur flow cytometer (Becton Dickinson, San Jose, CA, USA). For each sample, 10 000 events were collected. The fluorescence was measured through a 510-530 nm filter after excitation with an argon laser (15 mW, 488 nm). Dead cells were discriminated from viable cells by adding propidium iodide (1 mg/ml, final concentration) prior to analysis. All data were analysed with the CELLQuest Software (Becton Dickinson). All results on MFI presented is in this paper are adjusted for background fluorescence signals in untransduced cell populations having received identical photochemical treatments.
Statistical analysis
The percentage or MFI of b-galactosidase or EGFPpositive cells was examined by ANOVA with regard to MOI, amount of complexing agent (PLL or SuperFectt) and PCI treatment, eliminating systematic day-to-day variations by three-way analysis. Whenever significance with respect to PCI treatment was assessed, a separate two-way ANOVA was performed for the yields of nonilluminated and illuminated samples. The ratio of yields between illuminated and nonilluminated samples infected with identical Ad/polycation mixtures, presently referred to as fold increase, was also examined by two-way ANOVA. In some cases, when the two-way ANOVA showed significant dependence on MOI, light dose, or amount of complexing agent, linear or nonlinear regression was performed, depending on the significance of higher order terms.
The mutual significance levels between groups were assessed by the SNK method. In some cases, a log transformation of the data was used to fulfill the normality and equal variance conditions.
